The metabolism of 51 strains within the 'Mycoplasma mycoides cluster' was investigated by measuring oxygen uptake following the addition of organic substrates to washed cell suspensions. There were extensive differences between strains in the range of substrates utilized, the relative rates of oxidation and the observed saturation constants for substrates, which ranged from a f e w pM to several mM. M. mycoides subsp. Capri and M. mycoides subsp. mycoides LC (large colony) strains were diverse and could not be distinguished by substrate utilization patterns. However, there were consistent differences in the patterns of substrate utilization between other groups of the M. mycoides cluster, suggesting that these patterns may be useful in identification. In particular, SC (small colony) strains of M. mycoides subsp. mycoides were distinguished by their inability to oxidize maltose, trehalose and (at low concentrations) mannose and glucosamine. Surprisingly, the type strain, M. F38, of Mycoplasma capricolum subsp. capripneumoniae and two further isolates differed from all other strains in that they did not oxidize glucose or other sugars. They did, however, oxidize pyruvate, lactate and 2-oxobutyrate a t high rates. The marked metabolic differences between these strains and M. capricolum subsp. capricolum strains is in contrast to the genetic evidence that was used to support the designation of the M. F38 group as a subspecies of M. capricolum.
INTRODUCTION
The genus Mycoplasma currently contains more than 80 recognized species. These may be categorized according to whether they produce acid from glucose metabolism, ammonia from arginine hydrolysis, or both or neither of these reactions. A few additional, readily determined biochemical tests (Freundt & Razin, 1984) may also be useful as a guide to identification; however, routine serological tests are always required to determine species or subspecies identity. Furthermore, the absence of t Present address: College of Medical Laboratory Sciences, PO Box 10802, M . mycoides subsp. mycoides cause contagious bovine pleuropneumonia (CBPP), a disease of particular economic importance which is widespread in Africa, Asia and the Middle East, and a cause of concern in Europe following recent outbreaks in France, Portugal, Spain and Italy (ter Laak, 1992) . The majority of SC strains have been isolated from cattle, but isolations have also been made from goats (see Cottew, 1979) . The LC biotype of M . mycoides subsp. mycoides may also occur in both cattle and goats and unclassified subsp. mycoides strains have been reported in sheep (Okoh & Ocholi, 1986; Cottew, 1979) . M. myoides subsp. capri, M. capricolzdm subsp. capricolzm and M. capricoltlm subsp. capripnezdmoniue are mainly associated with goats, the latter being the causative agent of classical contagious caprine p1europneumoni:i (CCPP; MacOwan & Minette, 1977) .
Despite clear cultural and other phenotypic differences, there is a particularly close serological relationship between the M. mycoides subsp. mycoides SC and LC strains and many of the dominant protein antigens are shared (Archer, 1979) . Some of these are also shared by subsp. capri strains and analysis of cell proteins by gel electrophoresis suggests that LC strains of 144. mycoides subsp.
mycoides are more closely related to M. myoides subsp. capri than t o SC strains (Costas et al., 1987; Leach et al., 1989; Rodwell & Rodwell, 1978) . M . capricoltlm subspp. capricolum and capripneumoniae are also closely related on these grounds, as befits their subspecies classification. In addition, DNA-DNA hybridization was from 82 to 100% amongst subsp. capricolzdm strains, 87 to 100% amongst M . F38-related strains and 67 to 73% between members of the two groups under high-stringency conditions (Anon., 1991; Bonnet e t al., 1993) . These findings led to the designation of these two groups as subspecies within M. capricolzdm .
The development of easily determined biochemical testing procedures for mycoplasmas could help overcome the problem of serological cross-reaction and simplify curreni: identification procedures. However, the development of such procedures is less well advanced than for other bacterial groups. In particular, substrate utilization tests, of great value in the characterization of other bacteria, are little used for mycoplasmas, except those for glucose and arginine. The routine detection of substrate metabolism during mycoplasma growth is often not feasible because of the low concentrations of organisms, and because ofdifficulties in detecting the metabolism of specific substrates in the presence of the complex medium components needed to support mycoplasma growth whicb provide a vast array of alternative substrates. In addition. the utilization of di-and polysaccharides of glucose cannot be determined in serum-containing medium, since they are rapidly hydrolysed by serum enzymes (Miles & Lee, 1983) .
The metabolism of specific substrates by cells suspended in an inorganic salts solution has been monitored using microcalorimetry for M. mycoides subsp. mycoides strain T1 (Miles et al., 1985) , and by measuring changes in the dissolved oxygen tension of cell suspensions for M. mycoides subsp. capri strain PG3 (NCTC 10137; . In this paper, we report the application of the latter technique to the determination of substrate utilization by 51 strains representing the six groups of the M. myycoides cluster. The substrates tested in this study included all those previously shown to be metabolized by M. mycoides subsp. mycoides strain T1 and other bovine, caprine and ovine mycoplasmas (Wadher et al., l990), except that threonine and serine (utilized at low rates by strain T1) were excluded and 2-oxobutyrate, a likely intermediate in threonine metabolism (Rodwell, 1960) , was included.
A major aim of this work was to determine whether patterns of substrate utilization could distinguish the members of the M . mycoides cluster. However, the technique also provides kinetic data allowing assessment of the likely significance of substrate metabolism at the concentrations found in vivo. Differences in substrate utilization patterns between isolates may be related to host or tissue specificity and thus aid understanding of pathogenicity .
Organisms. The strains used are listed in Table 1 . They were obtained as broth cultures or freeze-dried ampoules and upon receipt were subcultured in broth, dispensed in ampoules and stored in liquid nitrogen for further use. For brevity, M. capricolum subs p. capricoltlm and M . capricolum subsp. capripneumoniae (F38-type) will be referred to throughout this paper simply as ' subsp. capricoltlm ' and ' subsp. capripnetlmoniae ', respectively.
Media. All mycoplasmas except subsp. capripneumoniae strains were grown in a medium containing heat-inactivated pig serum, tryptose, yeast extract, glucose, glycerol and inorganic salts, as previously described . Subsp. capripneztmoniae strains were grown in a medium containing proteose peptone, 15 g 1-' (Oxoid); neutralized liver digest, 2-5 g I-' (Oxoid); yeast extract, 5 g I-' (Oxoid); NaCI, 5 g 1-I; glucose, 5 g 1-' ; sodium pyruvate 5 g 1-' ; fresh yeast extract (Freundt, 1983) , 20 ml 1-l; and heat-inactivated pig serum, 200 ml I-' (Gibco). The pH value of both media was 7.6.
Growth and preparation of cell suspensions. Broth medium was dispensed in 10 ml quantities in plastic screw-capped testtubes (Sterilin) and inoculated with 0.1 ml of a liquid nitrogen stored culture. After 48 h incubation at 37 OC, 0.1 ml quantities of these cultures were transferred to fresh medium and similarly incubated. Cells were then harvested by centrifugation at 14000g for 4 min (MSE Microcentaur) and the cell pellets were washed and resuspended in a solution containing 18 g HEPES 1-' and 160 U catalase ml-' (Sigma) in one-quarter strength Ringer's solution (Oxoid). The pH of the suspending medium was 7.6. The cell protein content of mycoplasma suspensions was determined by the Lowry method, and viable counts performed as described by Miles e t al. (1985) .
Substrate metabolism. Substrate oxidation was determined from changes in dissolved oxygen tension (d.0.t.) with an oxygen electrode system (Rank Brothers) linked to a chart recorder and calibrated with air-saturated water (Miles et al., 1991) . Cell suspensions (1 ml) containing 100-300 pg cell protein and a viable count of 5 x 108-2 x lo9 c.f.u. were added (Rodwell & Mitchell, 1979) . Km values for glucose oxidation were estimated to be < 5 p M a n d similarly low K , values were obtained for To compare substrate utilization by different mycoplasma strains, rates of oxidation were initially determined at concentrations of 12 pM for disaccharides, 25 pM for monosaccharides and amino sugars, and 50 pM for organic acids. These low initial substrate concentrations were chosen so that, after oxygen uptake had ceased due to exhaustion of rapidly metabolized substrate, further (different) substrate could be added (Fig. 1) . Substrate concentration was varied in the above manner so that total oxygen uptake would be similar for each substrate and sufficient to allow accurate determination of the initial uptake rate. Where substrate utilization was not detected at these initial concentrations of 12-50 pM, substrate concentration was increased tenfold. Rates of substrate utilization are generally compared in terms of the rate of oxygen uptake, expressed as a percentage of the rate with glucose (25 pM; Tables 3-5 ). The rate for glucose was determined prior to the addition of other substrates ( (Table 3 ). All strains were unable to metabolize the disaccharides maltose and trehalose, but oxidized N-acetylglucosamine (GlcNAc), glycerol and 2-oxobutyrate at high rates. The Gladysdale strain oxidized pyruvate and lactate at rates approximately two-to fourfold higher than the other strains. In contrast, the 19
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-- LC strains appeared metabolically diverse. Table 4 shows rates of substrate utilization for the reference strain (Ygoat), a number of strains with individually distinctive characteristics and the remaining more homogeneous strains. The reference strain oxidized all substrates tested except trehalose ; it oxidized mannose and glucosamine at relatively low rates but appeared otherwise typical of the group. Strains 1645/82 and 221/82 had little or no activity towards mannose and 2-oxobutyrate, and two strains (F30 and GE.6A.79E) failed to oxidize maltose. Strains 81 .63.6lC and 400/79 oxidized the organic acids (lactate, pyruvate and 2-oxobutyrate) at particularly high rates ; in contrast, for a number of strains (0 JO 1,78/441, 11041, VRI, COV2), the maximum rate of oxygen uptake in the presence of organic acids (50 pM) was < 10% o f the rate with glucose.
The M . mycoides subsp. Capri strains were also diverse (Table 5 ), although four of the five Brazilian strains gave very similar patterns. Strains differed particularly in their abilities to oxidize trehalose, GlcNAc and 2-oxobutyrate. In addition, two strains (Pendik and 22) oxidized organic acids at low rates and the Brazilian strain Gl69lLeite did not metabolize maltose although this substrate was metabolized by all other subsp. capri strains at high rates.
Bovine serogroup 7 strains. The Bovine serogroup '7 strains (Table 3) were distinguished from strains of the three M. mycoides groups (Tables 3-5) by their high rate o€ trehalose metabolism coupled with their inability to oxidize mannose and glucosamine at low concentrations ( < 50 pM). However, they varied in their ability to metabolize GlcNAc and 2-oxobutyrate.
Subspp. capricolum and capripneumoniae strains. All subsp. capricolzrm strains metabolized maltose and GlcNAc (Table 3 ). Mannose and (except for one strain) 2-oxobutyrate were also oxidized, but only in the presence of high substrate concentrations. Strains YP and YO were distinguished by their high rate of lactate (50 pM) oxidation, and strains California kid and 41 61 /88 by their inability to oxidize glycerol ; glycerol was oxidized at high rates by all other strains.
The pattern of substrate oxidation by the subsp. Capripneumoniae type strain (F38) was in marked contrast to that of M. mycoides, Bovine serogroup 7 and subsp. capricolzrm strains. Washed cell suspensions did not oxidize glucose, maltose or glycerol. However, pyruvate, lactate, 2-oxobutyrate and ethanol (10 mM) were rapidly metabolized (Table 6) . A similar pattern of substrate oxidation to that of F38 was observed for strains G1943/80 and G94/83, though strain G183 oxidized glucose and glycerol and, at much lower rates, pyruvate and lactate. None of the other substrates tested were metabolized by strain G183, except maltose, which appeared to stimulate 0, uptake minimally in some experiments (up to a value of 5 YO of the corresponding rate for glucose). However, this may reflect the relative difficulty in obtaining metabolically active cell suspensions of this organism which grew slowly and gave a relatively low cell yield. The type strain F38 also grew poorly in comparison with strains G1943/ 80 and G94/83.
Oxidation of ethanol (10 and 100 mM), observed in those subsp. capripnezrmoniae strains unable to oxidize glucose, was not detected in strain G183, nor in the subsp. capricolzrm strains listed in Table 1 , nor in strains representing the other four groups of the M . mycoides cluster.
Patterns of substrate utilization amongst the six groups of the M. mycoides cluster are summarized in Table 7 . Patterns Biochemical diversity in the M. mycoides cluster ~- (13) 11 ( varied within all groups, except the SC group of M. mycoides subsp. mjcoides. However, in general, there were consistent differences in patterns between groups.
DISCUSSION
The strains of the M. mycoides cluster varied both in their ability to oxidize the test substrates and in the affinity with which particular substrates were utilized (Table 2) . Similarly, in a microcalorimetric study (Miles et a/., K , values for substrates are high, mycoplasma strains may not be specifically adapted to their utilization. Thus, it appears that there are no mannose-or glucosaminespecific transport components in M. mycoides subsp.
mjcoides strain T1, and the inability of glucose-negative transport mutants [probably lacking glucose specific Enzyme IIB of the phosphoenolpyruvate : phosphotransferase (PEP:PTS) uptake system; Lee et a/., 19861 to metabolize these substrates suggests that their entry into cells depends on glucose-specific component(s). In this study, all the glucose-oxidizing strains (Tables 3-5) in which mannose or glucosamine metabolism was not detectable at 25 pM did use these sugars when the concentration was increased. Thus, it may be generally the case within the M. mycoides cluster that the glucose-specific component of the PEP: PTS system enables transport of glucosamine and mannose provided they are present at high concentrations. However, in some strains, specific transport components for mannose and/or glucosamine may additionally be present. For example, in the M. mycoides subsp. capri type strain, PG3, the K , value for mannose utilization was 3 pM and the rate of mannose oxidation was not reduced in glucose-negative transport mutants (R. R. Taylor & R. J. Miles, unpublished) . In comparisons of strains, therefore, the presence or absence of metabolism may not be as significant as the ability to metabolize low concentrations of substrate. The ability to use specific substrates would not appear to be lost during in vitro cultivation in their absence. For example, maltose was metabolized by nearly all M. mycoides subsp. capri and LC strains although this substrate is riot found in the serum-based media used for subculturing mycoplasmas (Miles & Lee, 1983 and mannose is of particular interest since, although they are major constituents of mammalian glycoconjugates, they normally occur in body fluids as free sugars only at very low concentrations. However, host-derived Nacetylglucosaminidase and mannoside activities (principally from lysosomes) may be released into cell surroundings following cellular damage. The ability to utilize the disaccharides maltose and trehalose is also of interest. These sugars are rapidly hydrolysed in serum (Miles & Lee, 1983) and in vivo would not be available at sites accessible to serum enzymes. The ability of several Mycoplasma strains to oxidize trehalose also appears anomalous. This substrate does not appear to be present in mammalian tissues. It is possible that trehalose might be transported by a disaccharide uptake system, for which maltose is the principal substrate. However, a number of Mycoplasma mycoides subsp. Capri strains (Table 5 ) oxidized trehalose (12 pM) at high rates, suggesting the presence of a specific trehalose uptake system. Also, strain Gl69/Leite oxidized trehalose but not maltose. All strains oxidized pyruvate (50 pM) and/or lactate (50 pM). These substrates apparently require a common component for transport in M . mycoides subsp. mycoidts strain T1 (Lee e t al., 1986) , and with the Gladysdale S(7 strain both substrates (50 pM) stimulated high oxygen uptake rates (Table 3 ). In contrast, uptake rates with the Pendik and 22 strains of subsp. capri were low ( < 3 % of the rate for glucose). The significance of these differences is unclear. Byruvate may be used as an energy source for the growth of M . mycoides subsp. capri and the concentration of lactate and pyruvate in body fluids is sufficiently high (e.g. 0.5 and 0.05 mM respectively in bovine serum; Altman & Dittmer, 1974) to suggest that many strains are adapted to utilize these substrates in vivo. The ability to oxidize lactate at high rates ( Fig. 2b ) has also been proposed as a pathogenicity factor in, for example, Neisseriagonorrhoeae (Britigan (Rodwell, 1960) , was oxidized at a high rate by all SC strains, whereas amongst the other groups this ability varied. The structural similarity between 2-0x0-butyrate and pyruvate suggests that they might be substrates for the same uptake system. However, there was little correlation between the rates of pyruvate and 2-oxobutyrate oxidation in individual strains.
Nearly all strains oxidized glycerol at high rates. In M . (Wadher e t al., 1990) . The subsp. capripneumoniae strains also oxidized ethanol; the likely end-product of its metabolism is acetate, and since oxidation presumably occurs via NAD' reduction with no energy conservation, the role of alcohol dehydrogenase activity is unclear.
Since the subsp. capripneumoniae strains do not oxidize sugars, they presumably lack both a PEP : PTS system and much of the Embden-Meyerhof pathway. The marked metabolic differences between these strains and subsp. capricolum strains is in contrast to the genetic and other evidence (Anon., 1991; Bonnet e t al., 1993) used in proposing the M. F38 group as a subspecies of M.
capricoltlm (Leach e t al., 1993 
